ABSTRACT In a previous study [Bernstine, E. G. (1979) 1.
Mitochondrial malic enzyme [L-malate:NADP+ oxidoreductase (oxaloacetate-decarboxylating), EC 1.1.1.40] expression varies with the number of copies of its structural gene (Mod-2) present in a given animal (1) (2) (3) (4) . For animals carrying three copies of Mod-2 , resulting from an unbalanced X-autosome translocation [T(X;7)Ctl ] in males (3) , and for a large series of deletions involving the adjacent c-locus (4) , the relationship between gene dosage and enzyme activity is clearly linear. The linear relationship between gene dosage and enzyme activity in all of these systems indicates that no regulation of the level of mitochondrial malic enzyme occurs to compensate for the presence of either a smaller or greater number of copies of the Mod-2 gene than is normally present in diploid animals.
A recent survey of 10 inbred strains has shown that whereas the specific activity of the enzyme in heart is invariant, the strains fall into two classes on the basis of enzyme-specific activity in extracts of brain mitochondria (5) . The enzyme has been extensively purified from mouse heart and brain, and antibody against it has been produced in rabbits (5) . By use of this antibody it was shown that the difference in the specific activity of the enzyme in brain mitochondria between C3H and C57BL/10 mice reflected the presence of more enzyme molecules in C3H individual and that the difference segregated as a single genetic locus designated Mdr-1 (5 Carrier enzyme and sufficient antibody were added to the eluate, which was incubated at 370C for 60 min and then overnight on ice. Precipitates were collected and washed by centrifugation, dissolved in sodium dodecyl sulfate (NaDodSO4) sample buffer (7) , and run in 10% NaDodSO4/polyacrylamide gels at 5 mA per gel. Gels were frozen and then sliced. The radioactivity in gel slices was measured by liquid scintillation spectrometry after oxidation with H202 at 650 C. Hemoglobin was analyzed on starch gels by the method of Jacobson and Vaughan (8) .
RESULTS
The development of mitochondrial malic enzyme activity as a function of time after birth in C3H/RI and C57BL/1ORl mice and their F1 hybrid is shown in Fig. 1 . The adult levels of activity were reached in 8 weeks. C3H is readily distinguished from C57BL/10 by both its higher plateau value of enzyme specific activity and its rate of increase during development. Adult brain enzyme activity of the F1 animals is clearly intermediate to and distinguishable from both parents. Chromatography on DEAE-cellulose, which resolves the mitochondrial enzyme from the cytoplasmic form (4, 5) , has shown that the Abbreviation: NaDodSO4, sodium dodecyl sulfate. measured increase in activity during the first 8 weeks after birth reflects the appearance of the mitochondrial enzyme only (unpublished results of E.G.B.). Similar developmental studies of this enzyme activity in heart showed no difference between C3H and C57BL/10 animals; the developmental patterns resembled that of the enzyme in C57BL/10 brain.
The genetic segregation of mitochondrial malic enzyme activity in brain was shown to be consistent with control by a single genetic determinant (5) . As shown in Table 1 , this determinant (Mdr-1) is linked to Hbb, the f3-globin structural gene, on chromosome 7. Forty-seven (C57BL/10 X C3H)F1 X C57BL/10 backeross progeny were screened for Hbb type and enzyme specific activity in brain mitochondria. Only two recombinants between Mdr-1 and Hbb were detected. In order to obtain a more precise genetic localization of the determinant of the tissue-specific difference in enzyme development, we set up a three-point cross in which alleles at c, Mdr-1, and Hbb were segregating by using (SEC/RI X 101/RI)F1 males backcrossed to SEC/RI females. All backcross progeny could be rapidly screened for crossovers between c and Hbb (6 cM) by coat color and electrophoresis of hemoglobin without killing the animals. Thirteen such animals, out of 240 progeny, were identified (Table 2 ). If Mdr-1 were distal to Hbb, then these two loci would not be expected to segregate among these recombinants. As shown in Table 3 , however, Mdr-1 is clearly separated from Hbb whereas it is very tightly linked to c. Because recombinants between c and Hbb were selected, the order is c-Mdr-l-Hbb, with extremely close linkage of c and Mdr-1. Although the detailed mechanism of action of Mdr-1 remains to be elucidated, we have shown that the overall difference between brain enzyme activities in C3H and C57BL/10 is quantitatively accounted for by a higher rate of enzyme synthesis in the former strain (Table 4) . In these experiments, the amount of radioactivity incorporated into immunoprecipitable enzyme in a 2-hr pulse-labeling period was normalized to the total incorporation into brain for both strains. .
Identification of the mitochondrial malic enzyme subunit (5) in the immunoprecipitate was made on NaDodSO4/polyacrylamide gels (Fig. 2) . Animals used were 8-10 weeks old and, thus, the enzymes had attained plateau values of activity. The results given in Table 4 are those of a typical experiment. In four such experiments with both [3H]leucine and [a5S]methionine, the fraction of total cpm in the enzyme in C3H mice was 5.25 X 10-4 + 1.70 whereas in C57BL/10 mice it was 2.02 X 10-4 ± 0.77. These numbers are significantly different from one another, P < 0.01. Their ratio is 2.6, which accounts very well for the inherited difference in the level of enzyme activity in brain. 
DISCUSSION
The results presented here have established the postnatal developmental pattern of mitochondrial malic enzyme in brain in animals possessing different alleles of a locus that regulates the expression of Mod-2. The relevant locus, Mdr-1, has been located on chromosome 7, where it shows very close linkage to c and lies between c and Hbb. The question of the positional relationships of Mdr-1 to Mod-2 is of extreme importance in this system. No one has succeeded in separating, by recombination, a structural gene from a "closely linked" regulatory locus in the mouse (10) (11) (12) (13) . In this connection, the relatively fine genetic analysis possible near the c locus will be used in order to resolve this question. We now have strains that will allow us to detect visually all crossovers in about 4 cM of chromosome 7 that includes the Mod-2 locus and Mdr-1. Thus, screening for recombinants between Mdr-1 and Mod-2 will be greatly facilitated.
Some data suggest that Mdr-1 is a locus distinct from Mod-2. The brain and heart enzymes are identical in all biochemical properties studied (5) , and the electrophoretic variant of the enzyme found in strain SM/J (14) is found in both brain and heart (unpublished results). Thus, it is difficult to explain simply the tissue-specific action of Mdr-1 if it is founded in the coding sequences of the structural gene (Mod-2). It should also be noted that the Mdr-l A allele is not associated with a particular electrophoretic form of the enzyme.
We have established that Mdr-1 determines the rate of synthesis of Mdr-1 the enzyme, but the detailed mechanism of its action remains to be elucidated. The availability of deletions covering this part of chromosome 7 (2, 4) offers unique possibilities for pursuing the mechanism of Mdr-1 action at the nucleic acid level. 
